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Introduction {#sec001}
============

The blood-brain barrier (BBB) is a dynamic network for maintenance of the CNS homeostasis by restricting the passage of toxic substances into the brain parenchyma. Nutrients such as glucose and amino acids cross the BBB using specific transporters \[[@pone.0124362.ref001],[@pone.0124362.ref002]\]. Peptides, in general, poorly cross the BBB \[[@pone.0124362.ref003],[@pone.0124362.ref004]\], but can be transported into the brain via specific transporters expressed in brain endothelium under physiological or pathological conditions \[[@pone.0124362.ref005],[@pone.0124362.ref006]\]. BBB is mainly composed of brain microvascular endothelial cells (BMECs), astrocytic endfeet, pericytes and neurons that are critical for maintenance of homeostasis in the central nervous system \[[@pone.0124362.ref007]--[@pone.0124362.ref009]\]. In addition to BMECs and astrocytes, pericytes play a vital role in regulation of BBB integrity through communication with BMECs via the release of soluble factors such as TGF-β \[[@pone.0124362.ref010]--[@pone.0124362.ref012]\]. Moreover, it has been demonstrated that pericytes are necessary for the formation of BBB during embryogenesis and that loss of pericytes leads to compromised BBB integrity as shown in the pericyte-deficient animal model, suggesting thereby an important role of pericytes in the maintenance of BBB integrity \[[@pone.0124362.ref013],[@pone.0124362.ref014]\].

BBB dysfunction has been demonstrated in various neurological disorders including stroke, Alzheimer\'s disease as well as epilepsy \[[@pone.0124362.ref015]--[@pone.0124362.ref017]\]. Moreover, disruption of BBB integrity is not only a common consequence of, but also contributes to the progression of stroke \[[@pone.0124362.ref018]\]. Extensive studies have documented that BMECs and astrocytes play critical roles in the maintenance of BBB integrity \[[@pone.0124362.ref019]--[@pone.0124362.ref021]\]. However, the role of pericytes in stroke remains largely unknown.

Ischemic damage to BBB has been extensively studied in cellular and animal models of stroke \[[@pone.0124362.ref022],[@pone.0124362.ref023]\]. One study demonstrated that MMP-9 derived from pericytes induced migration of these cells from the endothelium, leading to loss of pericytes and ensuing BBB damage \[[@pone.0124362.ref024]\]. Interestingly, similar to glial activation by inflammatory agents, pericytes have also been shown to be activated in response to lipopolysaccharide leading release of cytokines that further exacerbate neuroinflammation \[[@pone.0124362.ref025]\]. Interestingly, previous study demonstrated that a chronic BBB opening caused by pericyte loss and/or degeneration leads to neuronal uptake of multiple blood-derived neurotoxic products as well as reductions in microcirculation and capillary flow causing tissue hypoxia that in turn results in a chronic neuronal dysfunction and degenerative changes \[[@pone.0124362.ref026]\]. While the role of pericytes in stroke has been gaining attention since capillary pericytes are rapidly lost following cerebral ischemia in both experimental animal as well as in human stroke \[[@pone.0124362.ref027]\], the detailed mechanism(s) underlying how ischemia mediates pericytes to contribute to BBB damage, has largely remained elusive.

Previous studies reported that vascular endothelial growth factor (VEGF) is one of the potent mediators of the BBB breach as evidenced by the fact that VEGF increased BBB permeability by decreasing the expression of tight junction protein claudin-5 \[[@pone.0124362.ref021],[@pone.0124362.ref028]\]. A recent study has reported that VEGF derived from astrocytes was involved in endothelial barrier disruption \[[@pone.0124362.ref029]\], further confirming the critical role of VEGF in the BBB disruption in the context of stroke. Based on the finding that sodium cyanide (NaCN), a general metabolic inhibitor, induces chemical hypoxia in an *in vitro* stroke model \[[@pone.0124362.ref030]\], we sought to examine the effect of this agent on the expression of VEGF in pericytes and the subsequent effect on the BBB integrity in stroke.

The present study was aimed at exploring the mechanism(s) by which NaCN mediates the induction of VEGF in primary human pericytes and its functional implications in stroke. Understanding the regulation of VEGF expression and its functional relevance could provide insights into the development of therapeutic strategies aimed at restoring the BBB breach in stroke patients.

Method and Materials {#sec002}
====================

Animals and focal stroke model {#sec003}
------------------------------

Adult male C57BL/6J mice (20.0--25.5 g, 8--10 weeks old) were used in this study. All animals were housed under conditions of constant temperature and humidity on a 12-hour light/12-hour dark cycle, with lights on at 7:00 AM. Food and water were available *ad libitum*. Animals were anesthetized by an overdose of isoflurane followed by pneumothorax before perfusion. All animal procedures were performed in strict accordance with the ARRIVE guidelines and animal protocols approved by the Institutional Animal Care and Use Committee of the Medical School of Southeast University.

Reagents {#sec004}
--------

Neutralizing VEGF (MAB 293) antibody and IgG were purchased from R&D Systems (Minneapolis, MN, USA). The specific PI3-kinase inhibitor LY294002, MEK1/2 inhibitor U0126 or PD98059, p38 inhibitor SB 203580, JNK inhibitor SP600125, Src kinase inhibitor inhibitor-PP2 were obtained from Calbiochem (San Diego, CA). Iκκ-2 inhibitor SC514 was ordered from Sigma Chemicals (St. Louis, MO, USA). The concentrations of these inhibitors were based on our previous reports \[[@pone.0124362.ref031],[@pone.0124362.ref032]\].

Focal stroke model {#sec005}
------------------

Briefly, as reported earlier \[[@pone.0124362.ref033],[@pone.0124362.ref034]\], stroke was generated by making an incision between the right orbit and the right external auditory canal under a stereoscopic microscope. The scalp and temporalis muscle were exposed and the zygomatic arch was snipped to expose the proximal section of the right middle cerebral artery (MCA). In order to effectively occlude the right MCA, immediately after intravenous injection of a photosensitizer Rose Bengal solution (100mg/kg, 10mg/ml in normal saline; Sigma-Aldrich) through the tail vein, photoillumination with green laser (wavelength 532nm, GL532TA-100FC, Shanghai Laser & Optics Century) was performed on the MCA for 2mins by using a 100μm optic fiber connected to a laser diode controller (power at 35, ADR-1805, Shanghai Laser & Optics Century). Sham operation was performed with the same surgical procedures but with injection of the PBS instead. The mice were then allowed to awaken and returned to their cages. Total surgery lasted for up to 20mins. There was no surgery-related mortality noted.

Cell culture {#sec006}
------------

Primary human brain vascular pericytes were purchased from ScienCell (Carlsbad, CA, USA) and cultured in the pericyte medium (provided by ScienCell). Cell culture dishes were coated with poly-L-lysine (2μg/cm^2^) and were used in passages 2--5. Human brain microvascular endothelial cells (HBMECs) were obtained also from ScienCell and cultured in endothelial medium (provided by ScienCell) and were used for passages 4--14.

Glucose deprivation {#sec007}
-------------------

To mimic the ischemic condition *in vitro*, human brain pericytes were exposed to glucose-deprived medium according a previous study \[[@pone.0124362.ref030]\]. Briefly, the glucose-free Locke\'s medium was comprised of 154mM NaCl, 5.6mM KCl, 2.3mM CaCl~2~, 1mM MgCl~2~, 3.6mM NaHCO~3~, 5mM HEPES, pH7.2, supplemented with gentamicin (5 mg/L). Cultured pericytes were incubated with glucose-free Locke\'s medium for 6 hours, 12 hours and 24 hours. Control cultures were incubated in Locke\'s buffer containing 10mM glucose.

Cytokine/Chemokine analysis by Luminex {#sec008}
--------------------------------------

Supernatants collected from treated and untreated pericytes were monitored for cytokines/chemokines using a MilliplexTM MAP kit (Human Cytokine/Chemokine Magnetic Bead Panel) from Millipore according to the manufacturer's instructions and our previous study \[[@pone.0124362.ref035],[@pone.0124362.ref036]\]. Expression of cytokines/chemokines was repeated three separate times.

Western blotting {#sec009}
----------------

Pericytes exposed to different treatments were harvested and total protein was extracted using the Mammalian Cell Lysis kit (Sigma, St. Louis, MO). Nuclear lysates were isolated using the NE-PER Nuclear and Cytoplasmic Extraction kit (Pierce, Rockford, IL). Equal amounts of the proteins were run on a sodium dodecyl sulfate-polyacrylamide gel (12%) under reducing conditions. The proteins were then transferred to PVDF membranes and were blocked with 5% non-fat dry milk in PBS. The membranes were then incubated with antibodies recognizing VEGF (Santa Cruz Biotechnology, Dallas, TX, 1:200), the phosphorylated forms of ERK, JNK, p38 and Akt (Cell Signaling, Danvers, MA 1:200), NF-κB p65 (Cell Signaling, 1:1000). Following washing three times, the membranes were then incubated with goat anti-mouse/rabbit secondary antibodies conjugated with horseradish peroxidase (1:5000). Signals were detected by chemiluminescence and imaged on the Microchemi 4.2 (DNR, Israel) digital image scanner according to our previous studies \[[@pone.0124362.ref031],[@pone.0124362.ref032],[@pone.0124362.ref037]\]. Quantification was performed by densitometry using Image J software (NIH).

Permeability of endothelial barrier {#sec010}
-----------------------------------

According to our previous study \[[@pone.0124362.ref037]\], primary HBMECs were plated onto Transwell inserts (0.4μm pore size). The cells were grown for 5 days to achieve confluence followed by culturing the cells in conditioned media from pericyte treated with NaCN in the presence of either neutralizing VEGF antibody (500ng/ml) or an IgG isotype control antibody (as a negative control). Twenty four hours later, 200μl of FITC-conjugated Dextran-4 (1mg/ml; Sigma) was added to the upper chamber of the transwell plates to detect the changes in monolayer permeability. After 30mins, aliquots (100μl) were collected from the lower chamber for fluorescent measurement using excitation and emission wavelengths of 480 and 530nm respectively (Biotek Synergy H1 multimode microplate reader instrument).

Isolation of brain microvessels {#sec011}
-------------------------------

Mice were separated into the sham and the stroke groups (n = 8). Twenty four hours after surgery, mice were perfused under anesthesia and the brains were removed and immediately immersed in ice-cold isolation buffer A according to our previous study \[[@pone.0124362.ref031]\].

Immunofluorescence staining {#sec012}
---------------------------

Isolated brain microvessels were then smeared on ploy-L-lysine coated glass slides followed by fixation with 4% formaldehyde for 20mins at RT. The slides were then rinsed with PBS, permeabilized with 0.1% Triton X-100 for 30mins and blocked in immunoblocking buffer (10% normal goat serum, 0.3% Triton X-100 in PBS) for 2 hours at RT. Samples were then incubated with mouse VEGF antibodies (Proteintech, Chicago, IL, 1:50) and rabbit PDGF-β receptor antibodies (Cell Signaling,1:200), overnight at 4°C. The slides were washed and incubated with AlexaFluor 488-conjugated anti-mouse and AlexaFluor 594-conjugated anti-rabbit immunoglobulin G (IgG) (Invitrogen, Grand Island, NY) and mounted with the mounting medium (Prolong Gold Anti-fade Reagent; Invitrogen, Grand Island, NY, USA). Fluorescent images were acquired using Olympus FV 1000 microscope and were analyzed with Image J software. Average fluorescence intensities of VEGF and PDGF-β receptor were calculated using Image J by analysis of total 80 images for one group taken from 10 individual microvessels isolated from each mouse brain, 8 mice/group. Values are reported as average intensity above background±SD.

*In vivo* magnetic resonance imaging (MRI) {#sec013}
------------------------------------------

Based upon our previous study \[[@pone.0124362.ref038]\], we have successfully developed an effective method for the PEGylation of superparamagnetic iron oxide nanoparticles (SPIONs). The diameter of the nanoparticles is in the range of 8--12nm. The hydrodynamic diameter of the nanoparticles was measured to be 25±3.6nm with a polydispersity index of 0.26 by dynamic light scattering (DLS) in aqueous medium. A saline solution of SPIONs-PEG was injected into mice via the tail vein at 0.5 hour after stroke operation at a dose normalized to be 10mg Fe/kg bodyweight. MRI was carried out on a 7.0 Tesla small animal magnetic resonance system (Bruker PharmaScan, Germany) as described previously \[[@pone.0124362.ref039]\]. *In vivo* T2-weighted images were performed 24 hours post-stroke following injection of SPIONs, which was used to examine the BBB integrity using a two-dimensional turbo spin-echo sequence (repetition time/echo time = 2,000/50ms). Twelve axial slices with a slice thickness of 1mm, a field of view of 20×20mm and a matrix of 256×256 were positioned over the brain excluding the olfactory bulb. Quantitative image analysis was performed by investigators blinded to the experimental groups. The signal noise ratios (SNR) of both ipsilateral and contralateral hemisphere were calculated using Paravision 5.0 software with the following equation: the average signal intensity (SI)/the background noise (SD). Results were presented as ratio of the SNRs between ipsilateral and contralateral hemisphere.

Assessment of the BBB Integrity {#sec014}
-------------------------------

According our previous studies \[[@pone.0124362.ref031],[@pone.0124362.ref037]\], BBB integrity was performed in C57BL/6 mice. C57BL/6 mice were divided into 4 groups (n = 6): (a) Sham, (b) Stroke, (c) Stroke plus anti-VEGF neutralizing antibody, (d) Stroke plus isotype control antibody. In the antibody plus stroke group, antibody was first injected (i.p.) for two days at a concentration of 25μg/mouse/injection (anti-VEGF neutralizing antibody; or IgG isotype control antibody; R&D systems) followed by stroke operation on day 3. Twenty four hours later, animals were injected in the tail vein with 200μl Evans blue (2%, 4ml/kg; Sigma) in PBS that was allowed to circulate for 40mins. The mice were then anesthetized with isoflurane in oxygen and perfused with 30ml heparinized saline through the left ventricle. The brains were then harvested and homogenized in PBS (1:10 g/v). The homogenates were precipitated in 15% trichloroacetic acid (1:1 v/v) and centrifuged at 1,000g for 10mins. The pH was adjusted by adding 125μl of 5M sodium hydroxide to 500μl supernatant aliquots. Evans blue was measured spectrophotometrically at 620nm.

Statistical analysis {#sec015}
--------------------

Statistical analysis was performed using SigmaPlot software (SigmaPlot 11.0). Data are presented as means±SD. Significance was established using a t test for paired values. Intergroup comparisons were performed using one-way ANOVA, with the Bonferroni correction for multiple comparisons.

Results {#sec016}
=======

NaCN-mediated up-regulation of VEGF expression in primary pericytes {#sec017}
-------------------------------------------------------------------

Previous study has demonstrated that NaCN (an inhibitor of mitochondrial respiration used to mimic hypoxia) plays a critical role in the pathogenesis of stroke \[[@pone.0124362.ref030],[@pone.0124362.ref040]\]. However, whether NaCN induces activation of pericytes and the mechanisms involved in this process, remain largely unknown. In order to examine the effect of NaCN on the release of cytokines/chemokines from pericytes, supernatants from NaCN-treated pericytes was subjected to human cytokine antibody array analysis. Treatment of pericytes with NaCN resulted in dramatic induction of VEGF expression using Luminex assay as shown in [Fig 1A](#pone.0124362.g001){ref-type="fig"} as well as in [Table 1](#pone.0124362.t001){ref-type="table"}. To validate the effect of NaCN on the expression of VEGF in pericytes, we cultured pericytes under conditions of glucose deprivation to mimic stroke and assessed the expression of VEGF. As shown in [Fig 1B](#pone.0124362.g001){ref-type="fig"}, similar to NaCN exposure, glucose deprivation also resulted in up-regulation of VEGF protein expression. We next examined the concentration curve of NaCN mediated up-regulation of VEGF in pericytes. Pericytes were treated with different concentrations of NaCN (0.5, 1 and 2mM) for 24 hours and monitored for expression of VEGF protein by Luminex analysis. As shown in [Fig 1C](#pone.0124362.g001){ref-type="fig"}, NaCN induced a significant increase in VEGF expression at a concentration of 1mM and 2mM. We next determined the optimal time of NaCN-mediated up-regulation of VEGF in pericytes. Primary human pericytes were exposed to NaCN (2mM) at varying time points and assessed for VEGF expression by western blotting. As shown in [Fig 1D](#pone.0124362.g001){ref-type="fig"}, there was a time-dependent increase of VEGF expression following NaCN treatment, with the maximal expression of VEGF observed at 24 hours after NaCN treatment. These data thus demonstrated that NaCN treatment resulted in increased expression of VEGF in primary human pericytes.

![NaCN mediated up-regulation of VEGF in primary human pericytes.\
**(A)** NaCN mediated induction of VEGF expression in primary human pericytes. Cells were incubated with NaCN (2mM) for different time points (6, 12 and 24 hours), followed by collection of media for assay of VEGF expression by Luminex assay. **(B)** Pericytes were exposed to glucose-deprived culture media for 6, 12 and 24 hours followed by Luminex assay for detection of VEGF. **(C)** Dose curve of NaCN on the expression of VEGF in pericytes by Luminex assay. **(D)** Effect of NaCN on the expression of VEGF in primary human pericyte by western Blot. All the data are presented as mean±SD of three individual experiments (n = 3). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 vs control group.](pone.0124362.g001){#pone.0124362.g001}

10.1371/journal.pone.0124362.t001

###### Effect of NaCN on the expression of cytokines/chemokines in human brain pericytes by Luminex assay (Mean, n = 3) \*-: not detectable.

![](pone.0124362.t001){#pone.0124362.t001g}

  Cytokine (pg/ml)   Control     6hr         12hr        24hr
  ------------------ ----------- ----------- ----------- ------------
  **G-CSF**          3.23        9.47        5.97        11.40
  **Eotaxin**        2.24        2.95        2.24        2.25
  **GM-CSF**         26.77       34.40       20.10       31.90
  **VEGF**           **25.73**   **51.73**   **88.47**   **125.33**
  **IFN-γ**          **-\***     **-**       **-**       **-**
  **IL-1α**          5.37        8.17        5.93        7.47
  **IL-1β**          7.05        8.85        8.85        10.51
  **IL-2**           1.03        1.90        1.65        1.67
  **IL-4**           **-**       **-**       **-**       **-**
  **IL-3**           1.05        1.23        1.23        1.07
  **IL-5**           13.80       14.87       13.30       13.33
  **IL-6**           369.00      796.33      815.67      965.67
  **IL-7**           1.43        1.97        1.30        1.67
  **IL-9**           14.73       26.50       21.30       27.80
  **IL-10**          4.33        5.73        4.77        5.40
  **IL-12p40**       **-**       **-**       **-**       **-**
  **IL-12 p70**      2.83        4.00        2.90        3.60
  **LIF**            7.33        11.37       10.80       14.40
  **IL-13**          35.90       54.60       47.40       47.43
  **Lix**            491.67      426.67      384.67      278.00
  **IL-15**          3.20        7.10        3.63        4.63
  **IL-17**          1.10        1.15        1.23        1.15
  **IP-10**          60.77       57.90       43.83       51.33
  **KC**             2424.33     2868.00     2332.00     2650.67
  **MCP-1**          3167.00     3152.00     2648.00     2149.00
  **MIP-1α**         2.80        4.63        3.10        3.73
  **MCSF**           10.40       13.53       11.33       11.33
  **MIP2**           20.60       24.30       18.60       25.83
  **MIG**            7.27        8.00        8.73        8.00
  **Rantes**         29.49       28.12       22.04       22.60
  **TNF-α**          2.09        3.04        2.71        2.55

NaCN-mediated expression of VEGF involves Src activation {#sec018}
--------------------------------------------------------

Role of tyrosine kinase Src has been shown to be involved in expression of VEGF during focal cerebral ischemia reperfusion in rats \[[@pone.0124362.ref041]\]. Moreover, mounting evidence from other studies also demonstrates that activation of Src kinase plays a critical role in VEGF expression \[[@pone.0124362.ref042],[@pone.0124362.ref043]\]. We thus wanted to examine whether Src activation also played a role in NaCN-mediated induction of VEGF. As shown in [Fig 2A](#pone.0124362.g002){ref-type="fig"}, treatment of primary human pericytes with NaCN resulted in increased phosphorylation of Src in a time-dependent manner, with the peak activation at 5mins and a gradual decrease thereafter. Consistent with the effect induced by NaCN, exposure of pericytes to glucose deprivation resulted in Src phosphorylation as shown in [Fig 2B](#pone.0124362.g002){ref-type="fig"}. To confirm the role of Src activation in NaCN mediated induction of VEGF, pericytes were pre-treated with the Src inhibitor-PP2 for 1hour followed by incubation with NaCN for 24 hours. As shown in [Fig 2C](#pone.0124362.g002){ref-type="fig"}, treatment of cells with the Src inhibitor PP2 significantly inhibited NaCN-induced production of VEGF.

![NaCN-mediated induction of VEGF involves Src kinase activation.\
**(A)** NaCN (2mM) induced Src phosphorylation in a time-dependent manner in primary human pericytes. Representative immunoblots from four separate experiments are presented. **(B)** Exposure of pericytes to glucose deprivation induced Src phosphorylation in a time-dependent manner in primary human pericytes. Representative immunoblots from four separate experiments are presented. **(C)** Inhibition of Src activity by Src inhibitor-PP2 (10μM) resulted in amelioration of NaCN-mediated induction of VEGF. All the data are presented as mean±SD of four individual experiments (n = 4). \*p\<0.05, \*\*p\<0.01 vs control group; \#p\<0.05 vs NaCN-treated group.](pone.0124362.g002){#pone.0124362.g002}

NaCN-mediated activation of Src involves activation of MAPKs and PI3K/Akt pathways {#sec019}
----------------------------------------------------------------------------------

Given that MAPK kinase and PI3K/Akt pathways play critical roles in expression of VEGF \[[@pone.0124362.ref043],[@pone.0124362.ref044]\], we next sought to examine whether these pathways contributed to NaCN-mediated induction of VEGF. As shown in [Fig 3A](#pone.0124362.g003){ref-type="fig"}, treatment of primary human pericytes with NaCN resulted in increased time-dependent phosphorylation of ERK, p38, JNK and Akt. Further validation of this finding was performed by exposure of pericytes to glucose deprivation. As shown in [Fig 3B](#pone.0124362.g003){ref-type="fig"}, glucose deprivation resulted in phosphorylation of ERK, p38, JNK in pericytes. In order to examine the role of these pathways in NaCN-mediated up-regulation of VEGF, primary human pericytes were pretreated with inhibitors specific for the respective signaling pathways prior to stimulation with NaCN and assessed for expression of VEGF. As shown in [Fig 3C](#pone.0124362.g003){ref-type="fig"}, pretreatment of cells with MEK (U0126, 10μM), p38 (SB203580, 10μM), JNK (SP600125, 10μM) and PI3K (LY294002, 5μM) inhibitors significantly decreased NaCN-mediated induction of VEGF. The functional role of NaCN-induced ERK activation in mediating VEGF expression was also corroborated using another MEK inhibitor-PD98059 ([Fig 3D](#pone.0124362.g003){ref-type="fig"}). These findings thus underpinned the role of ERK, p38, JNK MAPKs and PI3K/Akt in NaCN-mediated induction of VEGF in primary human pericytes.

![NaCN-mediated induction of VEGF expression involves MAPKs and PI3K/Akt cell signaling pathways.\
**(A)** Western blot analysis of time-dependent activation ERK, p38, JNK MAPKs MAPKs and PI3K/Akt pathways by NaCN (2mM) in primary human pericytes. **(B)** Glucose deprivation resulted in activation ERK, p38, JNK MAPKs and PI3K/Akt pathways in primary human pericytes. **(C)** Inhibition of the ERK, p38, JNK MAPKs and Akt pathways by MEK1/2 (U0126, 10μM), p38 inhibitor (SB203580, 10μM), JNK inhibitor (SP600125, 10μM) and PI3K inhibitor (LY294002, 5μM) resulted in amelioration of NaCN-mediated induction of VEGF. **(D)** Pretreatment of pericytes with another MEK inhibitor-PD98059 (10μM) significantly inhibited NaCN-mediated induction of VEGF. **(E)** Pretreatment of primary human pericytes with Src inhibitor-PP2 resulted in inhibition of NaCN-mediated phosphorylation of ERK, p38, JNK and Akt pathways. Representative immunoblots and densitometric analyses of pERK/ERK, pp38/p38, pJNK/JNK and pAkt/Akt from 4 separate experiments are presented. All the data are indicated as mean±SD of four individual experiments (n = 4). \*p\<0.05; \*\*p\<0.01, \*\*\*p\<0.001 vs control group; \#p\<0.05; \#\#p\<0.01 vs NaCN-treated group.](pone.0124362.g003){#pone.0124362.g003}

Having determined that Src and MAPKs and PI3K/Akt pathways play critical roles in the induction of VEGF, we next dissected the link between Src activation and MAPKs as well as PI3K/Akt pathways. Pericytes pretreated with the Src inhibitor PP2 were exposed to NaCN, followed by assessment of activation of the MAPKs/Akt pathways. As shown in [Fig 3E](#pone.0124362.g003){ref-type="fig"}, pretreatment of pericytes with PP2 significantly inhibited the phosphorylation of MAPKs (ERK, p38 and JNK,) and Akt pathways induced by NaCN, suggesting thereby that Src lies upstream of MAPKs and PI3K/Akt.

Involvement of NF-kB in NaCN-mediated expression of VEGF in primary human pericytes {#sec020}
-----------------------------------------------------------------------------------

Based on a previous report demonstrating activation of NF-kB pathway in the induction of VEGF \[[@pone.0124362.ref045]\], we next determined whether NF-kB pathway was also involved in NaCN-mediated induction of VEGF expression in primary human pericytes. As shown in [Fig 4A](#pone.0124362.g004){ref-type="fig"}, NaCN treatment of pericytes resulted in a rapid translocation of NF-kB p65 into the nucleus with concomitant reduction in the cytoplasmic level of NF-kB. However, NaCN treatment failed to exert significant effect on the expression of NF-kB in the total cell lysis from pericytes ([Fig 4A](#pone.0124362.g004){ref-type="fig"}). These findings were further confirmed in pericytes cultured in glucose deprivation condition as shown in [Fig 4B](#pone.0124362.g004){ref-type="fig"}. We next wanted to examine whether there existed a link between activation of ERK, p38, JNK MAPKs, and PI3K/Akt with NF-kB. Primary human pericytes were pretreated with ERK, p38, JNK or PI3K inhibitor(s) followed by treatment with NaCN and assessed for translocation of NF-kB. As shown in [Fig 4C](#pone.0124362.g004){ref-type="fig"}, ERK, p38, JNK and PI3K inhibitors significantly inhibited NaCN-mediated activation of NF-kB. Further validation of the role of NF-κB p65 in NaCN-mediated expression of VEGF was carried out by pretreating the cells with the Ikk-2 inhibitor-SC514 and assessing for induction of VEGF. As shown in [Fig 4D](#pone.0124362.g004){ref-type="fig"}, pretreatment of cells with SC514 (5μM) resulted in amelioration of NaCN-mediated induction of VEGF, thereby underscoring the involvement of NF-κB p65 in this process.

![NaCN-mediated induction of VEGF expression involves NF-κB activation.\
**(A)** Treatment of primary human pericytes with NaCN (2mM) resulted in time-dependent increase in translocation of the p65 subunit of NF-κB into the nuclear fraction (right panel) with concomitant decrease in the cytosolic fraction (middle panel). NaCN failed to exert significant effect on the expression of NF-kB in the total cell lysis from pericytes. **(B)** Exposure of primary human pericytes to glucose deprivation resulted in time-dependent increase in translocation of the p65 subunit of NF-κB into the nuclear fraction (right panel) with concomitant decrease in the cytosolic fraction (middle panel). NaCN failed to exert significant effect on the expression of NF-kB in the total cell lysis from pericytes. **(C)** Pretreatment of primary human pericytes with MEK1/2 (U0126, 10μM), p38 inhibitor (SB203580, 10μM), JNK inhibitor (SP600125, 10μM) and PI3K inhibitor (LY294002, 5μM) resulted in inhibition of NaCN-mediated NF-kB translocation of the p65 subunit of NF-κB into the nucleus. **(D)** Pretreatment with the Ikk2 inhibitor-SC514 (5μM) resulted in inhibition of NaCN-mediated induction of VEGF. All the data are mean±SD of four individual experiments (n = 4). \*p\<0.05; \*\*p\<0.01;\*\*\*p\<0.001 vs control group; \#p\<0.05; \#\#p\<0.01, \#\#\#p\<0.001 vs NaCN-treated group.](pone.0124362.g004){#pone.0124362.g004}

Disruption of endothelial integrity by NaCN-treated pericytes involves VEGF {#sec021}
---------------------------------------------------------------------------

The fundamental basis for the BBB is the formation of complex tight junctions between adjacent capillary endothelial cells and interaction of pericytes with these cells. In order to assess whether NaCN-exposed pericytes mediated endothelial barrier breach, human brain microvascular endothelial cells (HBMECs) were exposed to conditioned media from pericytes treated with NaCN and assessed for cell permeability. As shown in [Fig 5](#pone.0124362.g005){ref-type="fig"}, HBMECs treated with NaCN-exposed pericyte condition media, demonstrated increased barrier permeability. Exposure of HBMECS to NaCN-exposed pericyte conditioned media that was pretreated with VEGF neutralizing antibody failed to demonstrate endothelial barrier breach, thereby implicating the role of VEGF in NaCN-mediated disruption of BBB. In order to further valid the role of VEGF in endothelial barrier damage, HBMECs were treated with VEGF (100ng/ml) alone. As shown in [Fig 5](#pone.0124362.g005){ref-type="fig"}, VEGF exposure resulted in increased endothelial cell permeability. However, exposure of HBMECs to NaCN alone failed to affect the integrity of endothelial cells.

![Disruption of endothelial barrier integrity by NaCN-treated pericytes involves VEGF.\
Conditioned media from pericytes treated with NaCN (2mM) increased endothelial barrier permeability, which was ameliorated in HBMECs pretreated with the VEGF-neutralizing antibody. VEGF (100ng/ml)-treated group was used a positive control. All the data are presented as mean±SD of four individual experiments (n = 4). \*\*p\<0.01 vs control group; \#p\<0.05 vs NaCN-treated group.](pone.0124362.g005){#pone.0124362.g005}

Disruption of BBB and increased expression of VEGF in the brains of mice with stroke {#sec022}
------------------------------------------------------------------------------------

For the *in vivo* relevance of our *in vitro* findings, we next examined barrier integrity in the focal stroke model. Briefly, twenty-four hours following surgery to initiate the focal stroke, BBB integrity was examined in the sham and stroke groups of mice using tail vein injection of SPIO particles. As demonstrated in [Fig 6A](#pone.0124362.g006){ref-type="fig"}, and as expected, there was a disruption of the BBB integrity in the lesioned area of the brain as shown by the fact that there was significant loss of signal evidenced by T2-weight images at 24 hours post SPIO injection. In order to examine whether anti-VEGF antibody exert potential protection of the BBB integrity, mice were injected with anti-VEGF neutralizing antibody or the IgG isotype control antibody for 2 days before stroke operation. As shown in [Fig 6B](#pone.0124362.g006){ref-type="fig"}, anti-VEGF neutralizing antibody significantly attenuated the damage of BBB integrity in stroke mice, but not the IgG isotype control antibody treated group. Further validation of the *in vitro* findings involved assessment of expression of VEGF in the brain homogenates of the contralateral and ipsilateral of brain in sham and stroke groups. As shown in [Fig 6C](#pone.0124362.g006){ref-type="fig"}, there was increased expression of VEGF in the brain region in the mice with stroke compared with the sham group. Interestingly, there was increased expression of VEGF in the both contralateral and ipsilateral side of stroke compared with sham group, though there was only a small increase of VEGF expression in the contralateral side as noted. For further validation that the pericytes were the source of increased VEGF, microvessels from stroke versus sham mice were stained for VEGF and platelet-derived growth factor-β receptor (PDGF-βR, a well known pericyte marker) by double immunofluorescent staining. As shown in [Fig 6D](#pone.0124362.g006){ref-type="fig"}, in the microvessels from stroke mice, there was increased expression of VEGF co-localized with PDGF-βR compared with sham mice, suggesting thereby that the primary source of increased expression of VEGF was, at least part, from the pericytes, in the stroke model.

![Disrupted BBB and increased expression of VEGF in the brains of stroked mice.\
**(A)** Representative image of significant signal loss in the lesioned area of the brain on T2-weight images at 24 hours after injection of SPIO in the stroked mice upper panel) and the quantification of signal loss (lower panel). **(B)** Pretreatment of mice with anti-VEGF neutralizing antibody significantly attenuated the increased permeability of BBB in stroke mice. n = 6 per group. All the data are presented as mean±SD. \*\*p\<0.01 vs control group; \#p\<0.05 vs sham group. **(C)** Expression of VEGF in the striatum isolated from sham and stroked mice by western blotting. Representative immunoblots and densitometric analyses of VEGF/β-actin from 4 mice/group are presented. Contra:contralateral; Ipsi:ipsilateral. **(D)** Double immunofluorescence staining specific for VEGF and pericyte marker PDGF-βR in isolated microvessles from sham and stroke mice. VEGF: red; PDGF-βR: green. Scale bar = 100μm. n = 8 per group. All the data are presented as mean±SD. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 vs control group; \#p\<0.05 vs sham group.](pone.0124362.g006){#pone.0124362.g006}

Discussion {#sec023}
==========

Although previous studies have reported the interaction of endothelial cells with astrocytes \[[@pone.0124362.ref019],[@pone.0124362.ref046]\], the impact of pericytes on endothelial barrier integrity remains less understood. The role of pericytes in endothelial integrity remains controversial. For example, it has been shown by Nakagawa *et al* that pericytes enhanced the barrier integrity of endothelial cells, however, it has also been reported that pericytes are an important source of matrix metalloproteinase and inflammatory cytokines, and thus contribute to BBB disruption under various pathological CNS conditions \[[@pone.0124362.ref047]\]. It has been well-recognized that BBB disruption is an early process in ischemic brain injury; however, the contribution of pericytes in this process remains less clear.

In this study, we demonstrated that exposure of pericytes to NaCN as a mimic for ischemic injury, resulted in increased expression of VEGF via activation of tyrosine kinase Src with downstream activation of MAPK and PI3K/Akt pathways, ultimately resulting in translocation of NF-κB into the nucleus. Furthermore, an *in vitro* BBB system consisting of brain microvascular endothelial cells and pericytes was employed to assess the impact of ischemic pericytes on the BBB permeability. Our findings suggested that conditioned media from NaCN-treated pericytes triggered a breach of the BBB, and that this process was mediated, at least, in part, by release of VEGF from NaCN-treated pericytes. Collectively, pericytic VEGF could be one of the attractive therapeutic targets for amelioration of BBB dysfunction in stroke. However, it must be pointed out that BBB function *in viv*o is regulated by several other cell types of microenvironment including astrocyte, microglia and oligodendrocytes in addition to pericytes \[[@pone.0124362.ref048]\]. Previous study indicated that ischemic condition also induced the expression of VEGF from astrocytes \[[@pone.0124362.ref029]\], suggesting specific interventions targeting regulation of VEGF expression in astrocytes may be another strategy for protection of BBB. Moreover, this finding was coincident with the previous reports which demonstrated that both astrocytic and pericytic MMP-9 contributed to the BBB damage \[[@pone.0124362.ref048]\]. BBB disruption during or after stroke attributed to a complex regulatory network, in which pericytes were not the only cell type contributing the BBB dysfunction. Further detailed study about the portion of VEGF from astrocytes or pericytes was needed to determine whether pericyte-derived VEGF explains the major factor in BBB disruption after stroke.

VEGF, one of the key factors induced by hypoxia, exerts a major role in critical disruption of the BBB leading to subsequent edema in the brain during ischemic injury \[[@pone.0124362.ref049],[@pone.0124362.ref050]\]. VEGF not only plays critical roles in regulation of endothelial barrier integrity, cell survival and proliferation under physiologic conditions \[[@pone.0124362.ref051]\], but also is involved in brain disorders including stroke \[[@pone.0124362.ref052]\]. Up-regulation of VEGF appeared as early as 1hr following the onset of cerebral ischemia \[[@pone.0124362.ref020],[@pone.0124362.ref053]\]. Consistent with a recent study that expression of VEGF was up-regulated in astrocytes contributing to increased endothelial permeability \[[@pone.0124362.ref029]\], we also detected increased expression and release of VEGF in the pericyte conditioned media compared with other cytokine/chemokines. In addition to VEGF, treatment of cells with NaCN also resulted in increase of IL-6 and G-CSF expression ([Table 1](#pone.0124362.t001){ref-type="table"}). Further investigation was needed to elucidate relevance of IL-6 and G-CSF with the endothelial barrier permeability.

Furthermore, exposure of pericytes to NaCN resulted in increased phosphorylation of Src, MAPK and Akt signaling mediators. Inhibition of their activity by using the respective inhibitors significantly abrogated NaCN-mediated induction of VEGF. To our knowledge, this is the first study aimed at exploring the detailed signaling pathway involved in NaCN-mediated induction of VEGF in pericytes. Consistent with the previous studies \[[@pone.0124362.ref041],[@pone.0124362.ref043],[@pone.0124362.ref044]\], activation of Src, MAPKs as well as PI3K pathways were also involved in NaCN-mediated induction of VEGF expression. Our findings are in disagreement with previous reports wherein tissue-type plasminogen activator-mediated induction of VEGF expression involved ERK and p38 MAPKs, but not JNK \[[@pone.0124362.ref054]\] and another study in which VEGF expression was up-regulated via activation of Akt and ERK MAPK pathways in endothelial progenitor cells \[[@pone.0124362.ref044]\]. This discrepancy could be attributed likely to the different cell types and cell stimulants used in these two studies.

The transcription factor, NF-kB, has emerged as a major regulatory transcription factor for a number of genes including growth factors such as VEGF \[[@pone.0124362.ref045]\]. In this study we demonstrated that following NaCN exposure of pericytes, there was rapid translocation of NF-kB into the nucleus. Using pharmacological approach we further demonstrated that activation of MAPKs and PI3K/Akt pathways was upstream of NF-kB. Involvement of NF-kB in NaCN-mediated VEGF induction was validated using a pharmacological approach as demonstrated by the fact that Ikk-2 inhibitor SC514 significantly inhibited NaCN-induced expression of VEGF in pericytes. Our findings are in agreement with a previous report by Omar *et al* identifying the role of NF-kB in expression of VEGF in human umbilical vein endothelial cells \[[@pone.0124362.ref045]\].

To assess the functional implication(s) of NaCN-induced VEGF in pericytes, we employed an *in vitro* endothelial cell permeability assay. Taking into account that VEGF is a known agent involved in disruption of BBB and since VEGF was one of the key factors that was up-regulated in NaCN-treated pericytes, we examined the role of this factor in endothelial barrier breach. Conditioned media from NaCN-treated pericytes led to increased BBB permeability with the involvement of VEGF as shown by the ability of VEGF neutralizing antibody to block this effect. These findings are in agreement with a recent study implicating the role of VEGF family members in BBB damage \[[@pone.0124362.ref029]\]. The significance of this study is that it for the first time provides evidence that pericytes can also contribute to BBB damage via stimulation of VEGF expression in the context of stroke. It is likely that VEGF released from the pericytes in response to NaCN exerts its effects by binding to the VEGF receptor expressed in endothelial cells. Binding of VEGF to VEGF receptors could, in turn, activate intracellular signaling leading to barrier breach. Both VEGF and its VEGFR-1 (Flt-1) are expressed in both microvascular endothelial cells and pericytes, however, VEGFR-2 is expressed exclusively in the endothelial cells \[[@pone.0124362.ref055]\]. Whether VEGFR-2 plays a role in the increased permeability of endothelial barrier is currently under investigation.

Our *in vivo* study lends further credence to our *in vitro* findings as evidenced by the fact that there was indeed increased expression of VEGF in the damaged area from the stroked mice compared with the sham group ([Fig 6](#pone.0124362.g006){ref-type="fig"}). Consistent with the previous report that inflammatory biomarkers (VCAM-1, ICAM-1 and P-selectin) were up-regulated within the entire brain after stroke \[[@pone.0124362.ref056]\], our current study indicated that there was increased expression of VEGF in the both contralateral and ipsilateral side of stroke mice compared with sham group, though there was only a small increase of VEGF expression in the contralateral side as noted. Regarding of the VEGF expression in stroke, our finding was consistent with the previous study that the expression of VEGF was transiently increased in contralateral side of stroke compared with sham control with peak response \[[@pone.0124362.ref057]\].

In conclusion, our findings demonstrate detailed molecular mechanisms underlying increased expression of VEGF mediated by NaCN in primary human pericytes with the involvement of activation of MAPKs and PI3K/Akt and downstream transcription factor NF-kB pathways. The schematic of how pericytes induce VEGF in response to NaCN is summarized in [Fig 7](#pone.0124362.g007){ref-type="fig"}. These findings provide insights into the development of potential therapeutic targets for stroke with the role of pericytes in this process.

![Schematic of the signaling pathways involved in NaCN-mediated induction of VEGF in primary human pericytes.\
Exposure of pericytes to NaCN resulted in activation of Src, MAPKs and PI3K/Akt signaling pathways, with the downstream activation of the NF-kB transcription factor leading to enhanced expression of VEGF and subsequent increased permeability of endothelial cells.](pone.0124362.g007){#pone.0124362.g007}
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